Abstract:
Introduction
Recently, the rapid development of industrialization and the changes that occur in the modern world have had an impact on the natural environment to a much greater extent, especially on the biosphere. One of the main contamination sources is due to industrial plants that emit effluents containing various toxic substances. These contaminants are dangerous for the environment and human health. Different kinds of toxic pollutants enter the environment such as dyes, organic, pharmaceuticals and heavy metals. However, heavy metals are the major toxic substances because they cannot be easily degraded or destroyed in natural environment. Selected heavy metals could be transformed into less toxic forms, mostly using microorganisms, for example Hg 2+ could be reduced to Hg 0 using Pseudomonas putida [1] . Moreover, even if these heavy metal ions are present in small quantities in the environment, their biogeochemical cycle and bioaccumulation in living organisms may contribute to a significant increase in their concentration, and thus a possible increase in toxicity.
Chromium is one of the heavy metals that may cause harmful health effects. Although chromium naturally occurs in the environment, its high level is associated with industrial activities. Generally, chromium exhibits several oxidation states, and each of them may exhibit different effects on living organisms. Among them, Cr III is an essential nutrient and in small doses it is not toxic to organisms, but in higher concentrations it is known 
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In this investigation a waste biological material, soybean meal, was applied as a biosorbent for heavy metal ions (Cr III ). The diffusive Webber-Morris model and the pseudo-II-order model suitably described the kinetics of Cr III ions binding on soybean meal. The LangmuirFreundlich equation was valid for the description of the isotherm. Inductively coupled plasma optical emission spectroscopy (ICP-OES), FTIR and scanning electron microscopy with an energy dispersive X-ray analytical system (SEM-EDX) were used in order to identify the mechanism of the metal ions binding.The analysis of the composition of the enriched soybean meal confirmed the contribution of ion exchange in the biosorption process. Three-variable-three-level Box-Behnken design was used to determine the optimal conditions for biosorption of Cr III on soybean meal. The optimal conditions for predicted maximum Cr 3+ uptake (61.07 mg g -1
) by soybean meal were estimated by Matlab and established as temperature of 38.04°C, initial metal concentration 500 mg L -1 and biosorbent dosage 1 g L -1
.
to cause skin allergies and affect liver or kidneys [2] . Wastewater from the metallurgical and leather tanning industries are the main sources of Cr III pollution in the environment.
Various methods such as coagulation, solvent extraction, electrochemical deposition or ion-exchange have been widely used for the removal of heavy metals [3] . High selectivity could be obtained by using of molecular recognition-based separation techniques [4] . However, most of these methods are not economically processible and at high operating cost. Therefore, it is necessary to find more efficient and economical methods for the removal of heavy metals in comparison to conventional methods.
Recently, biosorption has become one of the most promising methods for the removal of heavy metals, including chromium. Biosorption has gained much attention due to its low operating cost, the absence of production of additional by-products, and high efficiency, thus this method is a promising alternative for the removal of heavy metals from wastewater. With this in mind, several researchers have applied biosorption technology for the removal of contaminants from water [5] [6] [7] . It was proved to be the effective and economic way of treatment of effluents not only for the treatment of heavy metal ion effluences but also for the removal of dyes and pharmaceuticals, etc. [7] [8] [9] [10] [11] . Currently, there is also a growing interest in the application of biosorption process for the recovery of precious metals or concentrating compounds (e.g. antibiotics or antibodies) [12] [13] [14] . In this perspective in our recent research [15] we have employed soybean meal as an effective biosorbent for the removal of chromium.
In continuation of our studies on the application of soybean meal as a biosorbent for the treatment of chromium contaminated effluents, further investigation have been undertaken on the optimization of various process parameters on the removal of chromium from aqueous solution. The biosorption conditions of Cr III ions on soybean meal were optimized by using the response surface methodology (RSM). Three-variablethree-level Box-Behnken design was used to determine the optimal conditions of the process. Along with this batch sorption experiments were carried out in order to bind the Cr III onto soybean meal. A detailed analysis of the kinetics and equilibrium of biosorption of Cr III ions binding by soybean meal was conducted and the impact of temperature on the effectiveness of the process was assessed.
Experimental procedure

Biosorbent and reagents
Soybean meal, obtained from Vetos Plant (Zębowice, Poland), was used without any modifications or additional operations. The material was sieved, and the fraction that remained in 1-2 mm was selected for experimental work. A solution containing Cr III ions with a concentration of 1000 mg L -1 was prepared using Cr(NO 3 ) 3 by the dilution of the previously weighed amount of chromium salt (from POCh, Gliwice) in 1L of redistilled water. The value of pH was adjusted by the addition of 0.1M HCl or 0.1M NaOH.
Analytical measurements
The biomass surface structure was analyzed by scanning electron microscopy (SEM) coupled with energy dispersive X-ray analysis (EDX) using Leo Zeiss 435 VP SEM (Oberkochen, Germany) at 20 kV. Elemental analysis was performed at Wroclaw University of Environmental and Life Sciences. Fourier transform infrared spectroscopy (FT-IR) studies in 4000-400 cm −1 range were carried out to identify the functional groups on the biosorbent surface participating in binding metal cations.
Determination of Cr
III in samples
The concentration of Cr III ions was measured using ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry, Varian Vista MPX, Australia at the laboratory certified by Polish Centre for Accreditation and ICAC-MRA according to PN-EN ISO 17025) method. Samples of biomass before and after biosorption were analyzed using ICP-OES after acid digestion.
Kinetic experiments
A volume of 300 mL of Cr III ions solution with a set concentration of 100 mg L -1 was prepared. Then 1.5 g of the soybean meal was added to the solution, and the suspension was mixed at a constant temperature. At set of time intervals (3-90 min) samples were taken and analyzed to determine the final concentration of metal ions in the solution. The experiment was being conducted until equilibrium was attained. The experiments were carried out in temperatures ranging from 20 to 55°C.
Equilibrium experiments
Model solutions of Cr III ions with different concentrations (25-600 mg L -1 ) were prepared at pH 5.0. Samples of 100 mL were placed in 250 mL Erlenmeyer flasks, after a required amount of the sorbent had been added (5 g L -1 ). The flasks were being incubated in an orbital shaker at constant temperature for a period long sufficient to attain the equilibrium (3h). The remaining solution was analyzed for the final concentration of Cr
III .
The experiments were conducted in temperature range from 20 to 50°C. In order to define the mechanism of binding ions to the sorbent surface, the amount of the released light metal cations (Ca 2+ , Mg 2+ , Na
in the 100 mg L -1 samples was measured.
Metal desorption
The biomass with a concentration of 5 g L -1 was eluted with a metal solution with the initial concentration of 100 and 500 mg L -1 . After 3 hours from the beginning of the process, the biomass was separated and rinsed twice with distilled water in order to remove the residual metal ions solution. Then the biomass was placed in a flask together with 100 mL of the reagent that desorbs metal cations: 0.01 M HCl and 0.1 M HNO 3 . Desorption was carried out for 24 hours. The Cr 3+ ions concentration was measured before and after the process.
All the experiments were conducted in triplicates and the values reported are mean ± S.D. OriginPro 8.0 © was used to fit the kinetics and equilibrium models using nonlinear regression.
Box-Behnken method
Optimum conditions for the chromium III biosorption by soybean meal were statistically modelled by BoxBehnken [16] factorial design consisting of 15 experiments coupled with Response Surface Methodology. Three independent factors such as biosorbent dosage (X 1 ), initial metal ion concentration (X 2 ) and temperature (X 3 ) were chosen for designing the experiments.The highest, lowest and center value of the independent parameters were coded as 1, -1 and 0, respectively. The input range and levels of the parameters are given in Supplementary  Table 3 . The sorption capacity of soybean meal for Cr III ions was used as a dependent on the factors response. A non-linear regression method was assumed to fit the quadratic polynomial model to the experimental data points:
(1) where β 0 is model constant coefficient, while β 1, β 2, β 3 and β 11, β 22, β 33 and β 12, β 13, β 23 are linear, quadratic and interaction effects regression coefficients, respectively. Analysis of variance (ANOVA) of the quadratic model was performed in order to check if experimental values fit to the model. The second-order polynomial equation was also used to determine optimal conditions of chromium III ions removal via biosorption. All calculations were performed in Matlab 7.14.0.739.
Results and discussion
Characteristics of the biosorbent
FI-IR spectral analysis was used to determine the functional groups present in the soybean meal biomass (Fig. 1) . The spectra exhibited a large number of peaks implicating the complex nature of the soybean meal surface. A wide spectrum at 3402 cm -1 was assigned to the O-H (hydroxyl) and N-H (amino) groups stretching vibrations [17] . Asymmetrical stretching vibrations band at 2927 cm -1 was assigned to the C-H group of the aliphatic chain [18] . Also a band 1651 cm -1 was assigned to the stretching vibration of carboxyl group (C=O) [19] and a band at 1538 cm -1 for C=C. Stretching vibrations of the carboxyl groups (C-O) of alcohols and acids occurred at 1402 and 1052 cm -1 , whereas for C-N at 1241 cm -1 . The spectrum also reveals a wide range of deformative vibrations at 525 cm -1 . From these findings it was found that soybean meal was rich in metal binding functional groups which is advantageous for enrichment of Cr III through biosorption. Further SEM analysis was used to characterize the morphology and structure of the biosorbent. Fig. 2 shows the surface morphology of soybean meal biomass. It was found that soybean meal exhibited a flat monolayer external surface which, although rather smooth, displayed a number of cracks likely to favour solute adsorption through enhanced diffusion to active sites. Also the EDX mapping revealed the presence of a number of elements (Supplementary Table 1 ). Soybean meal biomass exhibits various macro and micro elements including alkaline earth metal ions. The microelemental Cr III was absent in the biomass.
Biosorption kinetics
Biosorption kinetics were investigated in order to better understand the dynamics of Cr III ions biosorption onto soybean meal and predict the amount of ions adsorbed at treatment time. This significant information can be useful in the scaling-up the system. However, the biological material is very sensitive to the change of environmental factors, due to the existence of a number of functional groups on its surface, which was confirmed by FT-IR analysis. Temperature and pH are two essential parameters that significantly influence the kinetics of the process.
The impact of temperature on biosorption kinetics was analyzed in the range of 25-55°C at pH 5 (Fig. 3) .
III biosorption on soybean meal
The analysis revealed an increase in sorption capacity and a rate of Cr III ions binding proportionally to the rise in temperature from 25 to 50°C. Two biosorption stages were observed during the process. The first stage of the mass transfer, is the most rapid, thus can be put down to a high gradient of concentration constituting the driving force of the process. The active sites on the sorbent surface are available for metal ions. This stage lasted about 20 minutes. In the next 20 minutes the system reached equilibrium at the sorbent surface. The concentration of Cr III ions in the solution changed slightly till it reached a constant level (Fig. 3) . At the temperature of 55°C, the sorption capacity decrease is observed, caused by the destruction of the sorbent structure, mainly due to the structural changes of the proteins that make up that sorbent.
Mathematical modelling of biosorption kinetics
In order to understand the kinetics of the biosorption of Cr III ions on soybean meal, a number of descriptive models for the process were presented ( Table 1 ). The models derived from the order of reaction, are the pseudo-I-order [20] , the pseudo-II-order [21] and the generalized model [22] and the diffusive Weber-Morris model [23] .
The kinetic parameters k 1 (0.133-0.588 min -1 ) and k 2 (0.011-0.061 g mg -1 min -1 ) of the pseudo-I-and the pseudo-II-order models describe the rate at which the complex biosorbent-sorbate is formed. The biosorption rate (k) increased with an increase in process temperature. Also the biosorption capacity increased from 13.21 to 15.90 mg g -1 and 15.03 to 16.97 mg g -1 with the increase in temperature according to the pseudo-I-order and the pseudo-II-order models. The rise in the temperature of the process caused a change of structure and conformation of the biomass, which in turn can activate new active sites for binding Cr III ions. At temperature higher than 50°C, a destruction or even a denaturation occurred, which explains a decrease in the sorption capacity. The sorption capacity determined from the general order model ranged between 15.25 to 18.37 mg g -1 and the maximum value was observed at about 50°C.
On the basis of the general order model, it was found that an order of the reaction, n, depends on the temperature of the process and its value was between 1.917 and 2.846. The n order value, high correlation coefficient (0.994-0.999) and low chi-square values revealed that the pseudo-II-order model accurately described the process. Experimental and theoretical values of q(t) were compared in order to identify better kinetic model (Fig. 4) . Both the pseudo-II-order as well as the generalized order model satisfactorily described the experimental data, with the obtained model values q t corresponding to the experimental values. The biosorption of Cr III ions onto soybean meal depends on the rate of chemical binding of metallic ions to biomass, as well as on a number of active sites.
The rate of biosorption is dependent not only on the formation of sorbent-sorbate complex, but also on a rate of the diffusion of molecules in the feed solution and within the pores of the sorbent, the slowest stage of the process. The rate of biosorption kinetics was analyzed using the Weber-Morris model (Eq. 2), which includes 3 stages of the process that are connected with the diffusion of the components and the rate of their binding.
(2) Kinetic parameters for each stage of the Weber-Morris model are presented in Table 2 . The first linear section represents the most rapid stage: metal ion transport to the boundary layer surrounding the sorbent and it takes up about 5 minutes. At higher temperatures (40-55°C) this time reduces to 3 minutes, which can be explained by a rise in the rate of the diffusion caused by the enhanced kinetic energy of the molecules. The second linear section presents the stage of the diffusion of metallic ions within the sorbent pores, which occurs between the 3 to 30 minute of the process. At higher temperatures this stage is shorter (3-15 minutes), similarly as stage one. The last linear segment shows the stage when the state of equilibrium is achieved. It can be seen that the diffusion within the sorbent pores is the slowest at lower 
temperatures (25-35°C
). Therefore, this stage was considered as limiting the rate of the whole process. A rise in temperature (above 40°C) reduces this stage and by the same token elongates the last stage, in which the equilibrium is reached.
The obtained results show that Cr III ions undergo a quick diffusion to the boundary layer. The value of the constant k increases (2.970-6.689 mg g -1 min 0.5 ) with the rise in temperature similarly to the value of parameter C (-0.164-0.497 mg g -1 ). The higher temperature of the process the greater internal energy of molecules, so they move faster, which explains the increase of the parameters. In the next stage of the process, parameter k undergoes slight changes (1.345-1.999 mg g -1 min 0.5 ), contrary to C, which tends to increase (3.956-9.195 mg g -1 ). In the last stage the value of parameter k decreases with the rise of temperature (0.391-0.035 mg g -1 min 0.5 ). On the basis of the Weber-Morris model an assumption was made that it is the diffusion within the pores that limits the whole biosorption process. During the experiments, at each stage, parameter C was smaller or larger than zero. This implies that the diffusion within the pores is not the only stage limiting the biosorption. It is also limited by the diffusion to the boundary layer surrounding the sorbent and by the rate of binding by active sites [24] .
Coefficients, derived from the chemical reaction model and from the diffusion of molecules, are comparable. The fact, that there are no significant differences, suggests a dominance of one of the mechanisms of chromium ions binding by soybean meal, showing that the process is dependent on both physical factors (i.e., temperature and mixing that affect the diffusion of the molecules) and on chemical factors (i.e., pH, meal structure (presence of functional groups that determines the chemical binding of ions to the surface of the biomass).
The equilibrium of biosorption
The experiments on the equilibrium of biosorption were conducted at various temperatures ranging between 25-50°C. The experimental data were described by four different isotherms Langmuir [25] A change of the sorption capacity during the biosorption process of Cr III ions on soybean meal was accompanied by changes in the pH of the solutions. This interdependence was analyzed by the comparison of the number of H + cations released during the process and those in the control sample (Fig. 5) . A number of protons (mol L -1 ) released to the solution increases proportionally with an increase in the initial concentration of Cr III ions. As the temperature of the process rises, the number of the H + cations released from the biomass increases. An increasing number of protons does not affect the amount of chromium ions bound to the surface of the biomass, at a given moment of the process. However, it is related to various ionic forms of chromium(III) that are transported to the solution as a result of hydrolysis and this is accompanied by the appearance of H + ions, e.g.:
The hydrolysis of Cr(OH) 2+ ions leads to the release of Cr(OH) 2 + ions, and eventually to a precipitation of chromium hydroxide Cr(OH) 3 (pH>7). At alkaline pH, an ionic form of chromium (Cr(OH) 4 -) is prevalent.
Desorption studies
Desorption studies were carried out in order to check the efficiency and to investigate a mechanism of the ions binding to the sorbent. For this purpose soybean meal enriched with Cr III ions was treated by 0.1M HCl and 0.1M HNO 3 . In the case of the meal with adsorbed chromium ions with a low initial solution concentration (100 mg L -1 ), a high grade of desorption was obtained for both eluents (96.81% for HNO 3 and 98.57% for HCl). This is connected with the reversibility of the process of binding Cr III ions by soybean meal. When soybean meal contact with a solution of a higher initial concentration of Cr III (500 mg L -1 ), the level of retrieval amounted to 22.77% and 32.65% for 0.1M HNO 3 and 0.1M HCl respectively. It suggests an occurrence of another binding mechanism. For instance, high concentration of chromium ions can make the biosorbent cellular membranes more permeable for Cr III ions and so the metal is accumulated in the cell.
Thermodynamics of the process
The thermodynamic parameters of Cr III biosorption on soybean meal were also determined. The negative values of the change of the enthalpy ΔG° (from -19.02 kJ mol -1 for 20°C to -21.62 kJ mol -1 for 50°C) imply the spontaneity of the biosorption of Cr 3+ ions on the biomass. The higher the temperature, the lower the values of ΔG°, which means that a rise of temperature favours the spontaneity of the process. second law of thermodynamics, that the entropy of the system increases in spontaneous processes.
Mechanism of the biosorption process
The quantitative analysis of the elements present on the surface of the soybean meal before and after the process of the biosorption of Cr III ions was performed by means of the ICP-OES method. The obtained results show that the binding of chromium ions by the biosorbent proceeds partly according to the mechanism of ion exchange (Supplementary Table 2 ). The amount of the biosorbent metals such as Ca 2+ , K + and Mg 2+ , significantly decreased as compared to the material before the biosorption of chromium ions. The release of a significant number of cations implies the presence of counter current diffusion in the sorbent.
Experimental data allow determination of a mechanism of chromium III ions biosorption by soybean meal. The binding is mainly of a chemical character (chemisorption). In lower equilibrium concentration of Cr III ions, an ion exchange between functional carboxyl, hydroxyl and amino groups occurs. Protons are being released together with other cations that are present on the surface of the sorbent (calcium, magnesium, potassium). It is likely that higher equilibrium concentration of Cr III ions in the solution causes the ion adsorption process. Microprecipitation of chromium compounds occurs locally on the surface of the sorbent, due to pH changes of the solution during the process that result from both the number of H + released from the biomass and the formation of various chromium III complexes: Cr(OH) 2+ as well as Cr(OH) 2 + through hydrolysis.
Further SEM-EDX was used to investigate the mechanism of metal biosorption and to qualitative visualize metal-biosorbent interactions. A comparison of unloaded sorbent SEM image (Fig. 2) and image of soybean meal after biosorption of Cr III (Fig. 6) shows that there is a clear morphological change on the biomass surface. Cr III elemental mapping was also used to examine a distribution of Cr III in soybean meal. These mapping images clearly showed that the adsorbed Cr III ions were almost uniformly distributed over the sorbent surface (Fig. 6) . However, it was found to be concentrated in some parts of biomass and the density of chromium of those parts is significantly higher than those of other parts. This distribution confirms the occurrence of a two stage adsorption behavior of sorbate on the sorbent surface.
Determination of the optimal conditions by RSM method
Box-Behnken model was used to statistically analyze the interaction effects of the process parameters in order to optimize the process of biosorption of chromium ions on the soybean meal surface. The experimental Table 3 ). The final equations for coded (Eq. 3) and uncoded (Eq. 4) variables are as follows:
A high regression coefficient (R 2 ) value of 0.90 confirmed that the model was well fitted to the experimental data. In addition, the fit of the model was confirmed by analysis of variance as shown in Supplementary Fig. 7 .
Analysis of the 3D response surface plots as a function of two independent variables was performed in order to confirm optimum values of the parameters obtained by solving the quadratic polynomial equation. The interaction effect of temperature and initial metal ions concentration on adsorption of Cr III by soybean meal is shown in Fig. 8A . In this figure it was observed that the higher the metal ions concentration, the higher the uptake. Dependence of the sorption capacity on the temperature indicates the occurrence of a maximum of about 40°C. The calculations showed that the optimal temperature is exactly 38.04°C. A similar trend as in Fig. 8B is observed in the Fig. 8A , presenting the combined effect of temperature and biosorbent dosage. The decrease of the sorption capacity after reaching a maximum at the optimal temperature is contrary to the endothermic nature of the process, however, it may occur due to the sorbent temperature destruction, or denaturation of proteins, which are the main source of ion binding sites. The chromium ions removal by adsorption increases with an increase of the biosorbent concentration, which can be explained by the fact, that the higher the sorbent dosage, the more active sites available for the ions binding. The last 3D response surface plot (Fig. 8C) actually confirms that the increase in both considered parameters (biosorbent dosage and concentration of the ions), causes an increase in the chromium uptake. The higher the ions concentration, the greater the driving force for mass transport to the sorbent surface. 
Conclusions
The investigation showed that the waste material which is soybean meal may be successfully applied for removal of chromium III ions via biosorption process, since it is inexpensive and economically processible.
The kinetics of biosorption were connected with the rate of forming chemical bonds described by means of the pseudo-II-order model. The equilibrium experimental points are best described by the LangmuirFreundlich model. On the basis of the thermodynamic parametrs it was determined that it is chemiosorption that is the prevalent mechanism in the biosorption. The analysis of the FT-IR spectrum showed that the functional groups that take part in the binding of chromium III ions were carboxyl, hydroxyl and amino groups. The ion exchange between various cations present on soybean meal surface and Cr III ions in feed occured with the participation of various cations that are present on its surface, including the cations of hydrogen, calcium, potassium magnesium, whose amount on the surface after the process significantly decreased.
Comparison of experimental results with those predicted by Box-Behnken design showed that RSM can be successfully applied for optimization of biosorption of chromium III ions onto soybean meal. 
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